Host cell invasion, exit and parasite dissemination is critical to the pathogenesis of apicomplexan parasites such as Toxoplasma gondii and Plasmodium spp. These processes are regulated by 
| INTRODUCTION
Malaria and toxoplasmosis are caused by infection with the apicomplexan parasites Plasmodium and Toxoplasma, respectively.
Malaria kills more than 700,000 people annually, while Toxoplasma chronically infects 30% of world's population and can cause birth defects, blindness, and disease in immunocompromised individuals (World Health Organization, 2014; Pappas et al., 2009 ). These ancient parasites have evolved mechanisms to sense their environment responding to cues to activate host cell invasion, intracellular replication, egress, and motility for parasite dissemination, a process collectively termed the lytic cycle. External cues activate parasite signaling cascades, most notably Ca 2+ signaling, to drive progress through the lytic cycle including transitions from intracellular replication to extracellular motility (For review see (Lourido & Moreno, 2015) ). Specifically, Ca 2+ signaling controls the regulated release of specialized organelles called micronemes, which harbor adhesins and other factors required for invasion and egress that are central to apicomplexan pathogenicity (Carruthers & Sibley, 1999; Lovett, Marchesini, Moreno, & Sibley, 2002; Wetzel, Chen, Ruiz, Moreno, & Sibley, 2004) . Parasite motility is also thought to be regulated by Ca 2+ signaling via activation of the 'glideosome'-an actomyosin motor which provides the force required for a distinctive form of cellular locomotion termed 'gliding motility'. However, little is understood about the spatio-temporal dynamics and hierarchy of signaling pathways and how key molecules relate to one another during motility and egress.
The cyclic nucleotide second messenger, cyclic GMP (cGMP), activates Protein Kinase G (PKG), and also plays a vital role in the activation of apicomplexan egress, motility and differentiation (Wiersma et al., 2004; Eaton, Weiss, & Kim, 2006; Taylor, McRobert, & Baker, 2008; Collins et al., 2013) . cGMP signaling is tightly regulated by guanylyl cyclases and phosphodiesterases (PDEs) that are responsible for de novo synthesis and degradation of cGMP, respectively. As a result, targeted inhibition of parasite PDEs with zaprinast or 5-benzyl-3-iso-
propyl-1H-pyrazolo [4.3-d] pyrimindin-7(6H)-one (BIPPO) prevents cGMP breakdown leading to an accumulation of cellular cGMP, which activates PKG and in turn signals for microneme secretion and egress (Howard et al., 2015) . Conversely, inhibition of PKG interrupts cGMP signaling leading to microneme secretion defects in both Toxoplasma and Plasmodium spp. (Wiersma et al., 2004; Donald et al., 2006; Collins et al., 2013) . Recent work suggests that this pathway plays a role in regulating of phosphoinositide metabolism and Ca 2+ signaling during stage conversion and motility in Plasmodium (Brochet et al., 2014) and Ca 2+ signaling driving microneme secretion during the asexual cycle of Toxoplasma (Brown, Lourido, & Sibley, 2016 , Sidik et al., 2016 .
Apicomplexa have evolved divergent signaling elements to regulate novel functions specific to this group of pathogens. Plant-like Ca 2+ dependent proteins kinases (CDPKs) are expanded across Apicomplexa and play pivotal roles in Ca 2+ signal transduction throughout the lytic cycle (For review see (Billker, Lourido, & Sibley, 2009) (Wernimont et al., 2010) . CDPKs have been implicated in a range of processes, including stage conversion (Billker et al., 2004; Sebastian et al., 2012; Brochet et al., 2014) , invasion (Lourido et al., 2010; Bansal et al., 2013) and egress (Dvorin et al., 2010; McCoy, Whitehead, van Dooren, & Tonkin, 2012; Garrison et al., 2012; Lourido, Tang, & Sibley, 2012) . In the case of TgCDPK1, this kinase plays a role in regulation of adhesins from the microneme organelles (Lourido et al., 2010) . Despite the multifaceted role of Ca 2+ signaling in Apicomplexan parasites little is known about how Ca 2+ signaling operates, in space and time, to activate these kinases.
In mammalian cells, Ca 2+ signal transduction commonly involves the regulated release of Ca 2+ from intracellular stores (i.e., ER) into the cytoplasm (Berridge, 2009) . Regulated pump and channel activation drive distinct spatiotemporal Ca 2+ oscillatory patterns modulating amplitude, duration, and localization for diverse cellular outcomes (Berridge, Bootman, & Roderick, 2003; Uhlen & Fritz, 2010) . This phenomenon has been documented in Toxoplasma where cytoplasmic Ca 2+ flux coincides with a burst of parasite motility immediately preceding invasion (Lovett, 2003) . However, studies such as these have been technically limited due the broad cellular targeting of Ca 2+ sensitive dyes. The development of genetically encoded Ca 2+ sensors has revolutionized the understanding of signaling processes in living cells (Chen et al., 2013) . In the case of Apicomplexa, the focused expression of the genetically encoded Ca 2+ sensors has allowed for the differentiation between signals derived from the host and those initiated by the occupying parasites (Borges-Pereira et al., 2015) .
Interestingly, the source of intracellular Ca 2+ has been brought into question through use of GCaMPs identifying a PKG regulated neutral Ca 2+ store distinct from the ER (Sidik et al., 2016) .
In this study, we examine the spatiotemporal dynamics of intracellular signal transduction and investigate the interplay of multiple signaling nodes in Toxoplasma egress and motility. We employ the genetically encoded Ca 2+ indicator GCaMP6s (Chen et al., 2013) , and the new cGMP agonist, BIPPO (Howard et al., 2015) , We sought to monitor intracellular Ca 2+ flux within live tachyzoites using the genetically encoded, Ca 2+ biosensor GCaMP6s (Chen et al., 2013) . For ratiometric analysis in Toxoplasma, we co-expressed mCherry with GCaMP6s, whilst integration into the uprt locus ensured consistent expression across cell lines ( Figure 1a) . Visualization of these lines demonstrated that both fluorescent signals could be detected in the cytoplasm of live extracellular and intracellular tachyzoites ( Figure 1b ). Ca 2+ signaling can result from release of Ca 2+ from internal stores, and/or influx from extracellular sources (Berridge, 2009; Uhlen & Fritz, 2010) . To assess the contribution of internal Ca 2+ stores for signaling in Toxoplasma motility GCaMP6s-expressing tachyzoites were harvested in modified Ringer's + EGTA (0.1 mM) solution away from host cells.
Under resting conditions, nonmotile parasites exhibited low cytoplas- (Brochet et al., 2014; Brown et al., 2016; Sidik et al., 2016) ; however, this work relied on the use of a human PDE inhibitor zaprinast. Here, activation of egress by zaprinast requires long incubation times and high concentrations, often resulting in heterogeneous responses (Howard et al., 2015) . We recently described a potent, apicomplexan-specific PDE inhibitor, BIPPO. BIPPO shows high selectivity to towards Toxoplasma and P. falciparum PDE and rapidly induces host cell egress and microneme secretion in a PKG dependent manner (Howard et al., 2015) . To determine first whether treatment with BIPPO induces an increase in cyclic nucleotide production, we measured cAMP and cGMP levels using LC-MS (Figure 2a ).
Extracellular tachyzoites were treated with either 1 μM of BIPPO or 2 μM of the Ca 2+ ionophore A23187 for 1 min followed by rapid quenching. Levels of the cyclic nucleotides, cGMP and cAMP, were expressed relative to their nucleotide triphosphate counterparts, GTP and ATP, respectively. This analysis showed that BIPPO treatment elicited a rise in levels of both cGMP and cAMP as compared to DME growth media alone. The Ca 2+ ionophore A23187 also caused a rise in these cyclic nucleotides (Figure 2ai , ii).
We then used BIPPO to explore the relationship of cGMP and Ca (Sidik et al., 2016) . Together, this work supports the role of cGMP in activating Ca 2+ signaling through the action of PKG during egress of Toxoplasma.
Toxoplasma tachyzoites also egress in response to changes in
] and pH, which may signal immune attack or a dying host cell (Black, Arrizabalaga, & Boothroyd, 2000; Persson et al., 2007; Roiko, Svezhova, & Carruthers, 2014 To understand in more detail, the effect of stimuli on Ca 2+ signaling, we interrogated specific parameters of the Ca 2+ response in the different conditions ( Figure 2f ). In particular, we monitored . Importantly, however, these apparently normal peak Ca 2+ responses were rarely followed by egress when PKG is inhibited with Cmpd1 (Figure 2h, i (Lourido et al., 2010) . To investigate further, the role of TgCDPK1 in the Ca 2+ signaling hierarchy, we used the ATP analogue, 3MB-PP1, which specifically targets TgCDPK1 WT during egress and motility (Lourido et al., 2010) . To create a control, a 3MB-PP1-refractory line was made where the TgCDPK1 gatekeeper amino acid was modified from glycine to methionine (TgCDPK1 M; Lourido et al., 2010) . 3MB-PP1 inhibition of TgCDPK1 WT did not alter the Ca 2.5 | TgCDPK1 and TgCDPK3 contribute to Ca
2+ dynamics immediately prior to egress
It is still not understood how CDPKs function to promote egress and motility. Previous data has suggested that both TgCDPK1 and TgCDPK3 function in controlling microneme secretion (Lourido et al., 2010; McCoy et al., 2012; Lourido et al., 2012) , but whether TgCDPK1
and TgCDPK3 act directly to promote secretion of these organelles or whether they work in an upstream signaling event is unknown. During analysis of CDPK mutants, we noticed differences in the decay of the Ca 2+ response from peak level to egress. We found that after stimulation of egress, intracellular Ca 2+ rose to peak levels, and then, Figure 5c ). Overall, our data shows modified Ca 2+ decay specific to TgCDPK1 and TgCDPK3 suggesting these kinases play roles in modulating Ca 2+ levels prior to egress and suggest a possible mechanism by which these kinases work to regulate motility during cell exit. ) and allowed to settle on a substrate surface, before stimulation with motility agonists for a total analysis time of 4 min (2 min prestimulation, 2 min poststimulation).
Prestimulation, the majority of tachyzoites exhibit low motility and 
| Level of Ca 2+ signaling correlates with the quality of motility in Toxoplasma
Apicomplexan motility can often alternate between bursts of movement and inertness (Münter et al., 2009; Williams et al., 2015) . To determine if modulation of cytoplasmic Ca 2+ levels was responsible for these motility bursts, we tracked the displacement and Ca 2+ flux of individual tachyzoites. We followed productively motile tachyzoites engaged in circular or helical movement after drug stimulation and compared these with parasites that remained nonmotile throughout the assay. Prior to stimulation parasites were nonmotile travelling no more than 1 μm at a time (Figure 7a 
| DISCUSSION
In this work, we investigate the interactions between signal transduction pathways that drive egress and motility in Toxoplasma. Using the Ca 2+ biosensor GCaMP6s, we confirm and extend previous work on Ca 2+ signaling in Toxoplasma and other apicomplexan parasites (Lovett, 2003; Brochet et al., 2014; Carey et al., 2014; Brown et al., 2016; Sidik et al., 2016) . Key parameters of cytosolic Ca 2+ fluxes, such as signal amplitude, frequency and decay were monitored, which in other systems can determine the type of cellular response that is invoked by these signaling events. Furthermore, we use specific inhibitors and activators as well as several mutants known to play a role in Ca 2+ signaling to determine the hierarchy of events that take place that ultimately leads to egress and motility-a key event in the pathogenicity of all apicomplexan parasites.
Our work suggests that cGMP and the activity of PKG acts upstream of Ca 2+ release to activate Toxoplasma motility. This work builds on recent findings in P. berghei ookinetes where Brochet et al.
(2014) identified a potential link between cGMP and Ca 2+ signal transduction (Brochet et al., 2014) . In this study, they identify PKG-dependent phosphorylation of components involved in phosphoinositide metabolism, a pathway that in mammalian systems leads to the production of the second messenger IP 3, which in turn activates Ca 2+ release channels at the ER (Berridge et al., 2003) . Furthermore, two very recent studies have shown that cGMP and Ca 2+ signaling are also linked in Toxoplasma. In this regard, our work corroborates these similar findings but uses the more potent apicomplexan-specific PDE inhibitor BIPPO (Howard et al., 2015) . Overall, this combined work now strongly supports a mechanism where Ca 2+ and cGMP pathways are linked across apicomplexan species.
This work also highlights the complexities and redundancies of signal transduction networks in apicomplexan species. We show that a rise in intracellular Ca
2+
, but not egress, can occur independently of is cAMP, which we show is produced when BIPPO is administered.
Other possibilities include cADPR signal transduction pathway (Chini, Nagamune, Wetzel, & Sibley, 2005) and Abscisic Acid driven pathways (Nagamune et al., 2008) . However, there is little understood about these pathways and no specific genes nor inhibitors are known, so assessing their interaction with Ca 2+ signaling is currently challenging.
What is clear, as presented in this study and in support of the current literature, is that intracellular tachyzoites can sense and respond to multiple stimuli ( Niedelman, Sprokholt, Clough, Frickel, & Saeij, 2013; Roiko et al., 2014; Borges-Pereira et al., 2015) . What is unclear, is the identity of physiological stimulators of egress and motility. Brown et al. recently shown that serum albumin can stimulate microneme secretion in a Ca 2+ independent fashion but no other natural triggers are known (Brown et al., 2016) .
In other systems, mechanisms of cytosolic Ca 2+ concentration are controlled by Ca 2+ pumps and channels, which in turn alter the frequency, location and amplitude of Ca 2+ transients to drive distinct biological functions (Berridge et al., 2003 (Carey et al., 2014) . Indeed, the current model of motility suggests that adhesins released from the micronemes link host substrate to the parasite glideosome and action of the motor pulls adhesins rearward to drive for forward movement (Münter et al., 2009; Heintzelman, 2015) . Data presented here therefore suggests that Ca 2+ flux may induce a wave of adhesins to be secreted from the micronemes onto the surface, which then engage with the glideosome and drive another parasite length of motility before another Ca 2+ dependent release is required. Indeed, Toxoplasma is able to secrete successive rounds of micronemal proteins upon stimulation further adding weight to this hypothesis (Bullen et al., 2016) .
Overall, this work aims to incorporate apicomplexan signaling pathways as a unified-albeit complex-network, to produce a hierarchi- 
Egress is defined as first instance of parasite movement from the vacuole (pinching through host membrane or movement away from vacuole). Peak Ca 2+ represents the maximum GCaMP6s/mCherry ratio reached per vacuole (n = 8-13 vacuoles, mean +/− s.e.m.). Rate increase was determined as:
where Ratio Peak is the peak GCaMP6s/mCherry ratio per vacuole, Ratio Basal is the GCaMP6s/mCherry ratio averaged across time-points prior to Ca 2+ induction, t Peak is time peak ratio reached (s) and t 2% is first instance of Ca 2+ induction above 2% peak Ca 2+ (s).
For Ca 2+ decrease from peak analysis plots were normalized so 0 = t Peak (x) and Ratio Peak (y). Vacuole Ca 2+ traces were averaged. 50% Ca 2+ decay from peak to egress was plotted as:
Ratio Peak −Ratio Egress y ¼ 2 x ¼ t from peak s ð Þ 100% decay from peak to egress was plotted as: The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
